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Charged particle tion measurements
at asf | energies

s ~picobarnY Lowsignalto-noiseratio dueto the Coulomb barrier between the interacting nuclei
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To give you the feeling what low sigralnoise ratio means

LUNAC Phase I: 50 kV accelerator (1992001)

investigate reactions in solg@p chain

R.Bonettiet al.: Phys. Relcett 82 (1999) 5205
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only tworeactions studiedlirectly at the Gamow peak



X intrinsiclimitation at astrophysical energies AAAA Electron Screening

E)experimentalenhancementdue to the electron screening  S(Ex S(E)expp MJ/E)
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In astrophysicalplasma:

- the screeninggdue to freeelectronsin plasma can bedifferent
A we needSE) to evaluatereactionrates

A No way tomeasureS(E)from direct experimentsat energieswvhere screeningsimportant

S(E}actor extracted fromextrapolationof higher energy data




Indirect Metho :

- to measurecrosssectionsat neverreachedenergies (no Coulomlsuppressioh wherethe signal is below current detection sensitivity

ear Astrophysics

- to getindependentinformation on U

- to overcomedifficulties in producing the beam or the target (radioactive ions, neutrons..)

Quite straightforwardexperiment,no Coulombsuppressionno electronscreeningout X
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Thereaction theory is neededto selectonly one reaction mechanism However,nowadayspowerful techniquesand observablesfor
carefuldataanalysisandtheoreticalinvestigation



Indirect Metho lear Astrophysics

- to measurecrosssectionsat neverreachedenergies (no Coulomlsuppressioh wherethe signal is below current detection sensitivity
- to getindependentinformation on U

- to overcomedifficulties in producing the beam or the target (radioactive ions, neutrons..)

Coulomb Dissociation (CD), Asymptotic Normalization Coefficient (ANC) and Trojan Horse Methods (THM)

Theyshare some commofeatures the astrophysicallyelevanttwo-bodyreactionat low energiessreplacedby a highenergyreactionusually
with athree-bodyfinal state. Inall casesa virtual particle (photon+ or nucleusx) istransferredbetweenthe two subsystemsn the reaction

CD ANC THM

a=(b+x) b a=(b+x) b a=(b+x) b

Quite straightforwardexperiment,no Coulombsuppressionno electronscreeningout X
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Thereactiontheory is neededto selectonly one reaction mechanism However,nowadays
powerful techniquesand observabledor carefuldataanalysisandtheoreticalinvestigation



THM

Basic principle relevant low-energy two-body s from quasifree
contribution of anappropriatethree-bodyreactionin quasifree kinematics

A+a b+B+s AAA A+x b+B

a: XA s clusters

Quasi freemechanism

V only x - A interaction

V s= spectator (p-0)

E\> Ec@m¥>‘ NO Coulomlsuppression

NO electron screening

E,+ = Ea& B % (interclustermotion) E,; 20 W

playsa keyrole in compensatingfor the beamenergy

Seefor review,
R Tribbleet al., RepProg Phys 77 (2014) 106901
A. Tuminoet al. Ann RevNucl Part. Sci. 71 (2021) 346



Theoretical 1es to the THI

A+a c+C+AA4AA A+x c+C

PWIAhypotheses
beamenergy > a=xA sbreakupQ-value
projectilewavelengthk! <<x ¢ sinterclusterdistance

. 2 HOES
o
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(S.Typeland H.Wolter, Few-BodySyst 29 000) 75) Nuclearcrosssectionfor the A+x C+creaction

kinematicalfactor

: : : : momentumdistributionof sinsidea
- distortionsintroducedin the c+Cchanne] but plane

wavesfor the three-bodyentrancdexit channel

- off-energyshell effects corresponding to the
suppressiorof the Coulombbarrierare included

_ A.Tuminoet al., PRL 98, 252502 (2007)
but No absolutevalue of the crosssection




Theoretical ¢

hes to the THWM

R Tribbleet al., RepProg Phys 77 (2014) 106901

The THMsimplefactorizationcan bededucedfrom the general
formula in the case afesonantreactions

Amplitudeof the M PWA(prior) « p — (277)2
THreaction \< () (27) ubgk;,%(p”

Thisaccounts for:

-  HOESffects
- Normalization(very
usefulfor RIBS)

Moreover.
Possiblegeneralizatiorto
CDCC & DWBA
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.fOr res ' reactions
>

The A + ax+9 - F*(c + C) + s processis a transfer to the
continuumwhere particlex isthe transferredparticle

StandardRr-Matrix approachcannotbe appliedto extractthe resonanceparametershA Modified R-Matrix isintroducedinstead

In the case of a resonant THM reaction the cross
sectiontakesthe form dQU F(Cc ( ) M[ ( )’2

dEc.dQ, (B — Ep)? + T2(E)/4

M;(E)is the amplitudeof the transferreaction (uppervertex)that canbe easilycalculated
A Theresonancegyarameterscanbe extracted

Whentransferto a bound F state, M2 is proportionalto the ANCof the populatedF state

Advantages

Apossibilityto measuredown to zeroenergy

ANo electronscreening

AHOESeducedwidths are the sameenteringthe OESS(E Yactor (New!)




Reactions studied with the THM.

Indirect reaction

Direct reaction
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12C+: fusion

Cburning crucial phase in the nucleosynthesis of massive Etc88/ I=) determinesM,, ignition trigger forsuperburstsand Typda supernovae

: 12C+2CA a +®Ne
astrophysical energyl ¢ 3 MeV 1CH2CA p +3Na

From direct measurement, minimum E: 2.1 MeV | |

Mazarakig1973)
Spillane (2007)

extrapolations differ byd orders of magnitude : i
without inclusion of resonances

Kettner(1980)
B Tan (2020)
B Fruet(2020)
"\ Tumino(2018)

Indirect measurement with THM down to 1 MeV:.
12C(“N,a?°Ne¥H and 12C{4N p23NayH. : i
Resonances dominate the astrophysical energy i P
i 1 _I_:_]_I,TMJHIIII
nature
Letter = Published: 23 May 2018 10147 ) ) ) )
An increase in the 2C + 12C fusion rate . 1> 2.0 25 . 35
1022p Ec.m. [Me\/] 107b

from resonances at astrophysical energies

A. Tumino , C. Spitaleri, M. La Cognata, S. Cherubini, G. L. Guardo, M. Gulino, S. Hayakawa, I.
Indelicato, L. Lamia, H. Petrascu, R. G. Pizzone, S. M. R. Puglia, G. G. Rapisarda, S. Romano, M. L.
Sergi, R. Spartéd & L. Trache

Nature 557, 687-690 (2018)  Download Citation *



Our Experi with theTHM

12C(2Ca)*°Ne and 2C{2C,p¥3Na reactions via the Trojan Horse Method applied to the 12C{(“N,a?°NefH and
12C(4N,p*®NayH three-bodyprocesses

2Hfrom the 1*N as spectators

Observatiorof 2Cclustertransferin the 22C¢4N,dP*Mg’ reaction  (RH. %2 dzNJY @tfalf PRCG49 (1994 5)
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An increase in the 2C + 12C fusion rate

from resonances at astrophysical energies 1,000
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Indirect measurement of thé?F(ph )10 and direct
observation of the 11 keV resonance

Situation before THM experiment:

A

The JUNA found a huge increase in the rate of '065
the (p,ag) channel due to the occurrence of a 10° |
resonance at 11 keV based on theimaAtrix ;
analysis 217
The resonance is so large that the effect S 0k
extends up to 0.1 GK, with potential impact on s
several astrophysical scenarios = l:

But the lowest energy points measured by the 10 ¢

deepundregroudwere at 70 keV

70 keV Gamow energy corresponds to 50 MK
above the typical temperatures for fluorine
burning in AGB stars (<40 MK)

L.Y. Zhang et al., PHYSICAL REVIEW LETTERS 127, 152702 (2021)
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Indirect measurement of the’F(ph )1%0 and direct observation of the
11 keV resonance

Cwha ¢19 ¢la /wh{{ {9/ ¢LhbX

1 324 keV
- l Sum A-C B-D A The measuredstrength of the 11keV resonance is 5.8
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Su X.D., M. La Cognata et al. PRL accepted
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Indirect measurement of tHeF(p, 10 and®F(p! “ONe reactions
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Chargandependenceandchargesymmetry

After removingthe electromagnetianteractions, the NN forceetweennn, np, pp arealmostthe same

Chargendependenceequalitybetweenpp/nnforce andnp force
Violationn associatedo the massdifferencebetweenchargedandneutral pions
(identicalnucleonsexchangea neutral pion, a neutronand a proton mayexchangeboth a neutral and a chargedpion)

Chargesymmetry equalitybetweenpp andnn forces

Chargesymmetrybreaking:mainlyattributed to the up-down quark masslifference
Its validity is supportedto someextentby anapproximateequality ofbindingenergies ofsobarnuclei.

Chargesymmetrybreakingmanifestedin the sswavescatteringlengths ay, that determine thelow-energybehavior
of NN scattering.

a,,, directly determinedfrom experiments

a,, not directly accessiblérom experimentsbecauseof CoulombeffectsA needto removethemtheoreticallyto
revealthe strong interactiorcontribution to the scatteringength

a,, hot directlyaccessiblérom experimentsbecauseof the absenceof neutrontargets.

X we propose an innovative way to determiag, A



Two-hody cro n from THM data

Red line: HOESp crosssection

THMp-p crosssectionfrom the p+dA p+p+nquasi free reaction Black line: OESp crosssection

Coulombeffectsappearsuppressed
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